Transcription from the early and late classes of the herpes simplex virus type 1 (HSV-1) promoters requires prior immediate early (IE) gene expression. Although the product of IE gene 1, Vmw110, is not absolutely essential for virus growth in tissue culture, transfection experiments have demonstrated that Vmw110 can activate gene expression both by itself and in a synergistic manner with the product of IE gene 3, Vmw175. This paper describes the construction of 10 mutant HSV-1 viruses with deletion and insertion mutations in Vmw 110. The mutant viruses were then studied in single-step growth curve experiments, by assaying for plaques in a variety of cell types and by analysis of viral polypeptide synthesis during productive infection at high and low multiplicities. The results show that mutations in Vmwll0 reduce the efficiency of plaque formation by HSV-1 ; the extent of this reduction depends on cell type and the position of the mutation in the polypeptide.
INTRODUCTION
Herpes simplex virus type l (HSV-I) has a large linear double-stranded DNA genome which, from analysis of the complete 150 kb sequence, is predicted to encode 70 distinct genes (McGeoch et al., 1988) . The expression of these genes during infection in tissue culture occurs in three stages (for review, see Wagner, 1985) . The immediate early (IE or ~) genes are transcribed first; at least four of the five IE polypeptides are involved in the regulation of early (/~) and late (~) gene transcription (for review, see Everett, 1987 a) . Perhaps the most crucial IE gene product is that of IE gene 3, Vmw 175 (also known as ICP4); certain temperature-sensitive (ts) mutations in this polypeptide result in failure not only to activate early and late promoters but also to repress IE gene expression (Preston, 1979) . The activity of Vmw175 in trans-activation and repression of transcription can be reproduced, at least to some extent, in transfection assays using a plasmid-encoded copy of IE gene 3 and a target promoter linked to a gene product suitable for assay (Everett, 1984; O'Hare & Hayward, 1985) . The role of the IE gene 2 product Vmw63 (ICP27), in the regulation of a subset of viral promoters has also been observed using both viral ts mutants and transfection assays (Sacks et al., 1985; Everett, 1986) .
In contrast, the activity of the product of IE gene 1, Vmw110 (ICP0), in gene regulation was first detected and has been most extensively studied in transfection assays. Vmwl 10 can activate the expression of a large number of viral and heterologous promoters both by itself and in a synergistic manner with Vmw 175 (Everett, 1984; O'Hare & Hayward, 1985; Quinlan & Knipe, 1985; Gelman & Silverstein, 1985) . Although the efficiency of promoter activation by Vmw110 0000-8619 © 1989 SGM METHODS Plasmids. Plasmid pl 11 expresses wild-type Vmw110 (Everett, 1987b) . The construction of plasmids with insertion mutations (p110E32-1, pl 10E28-1, p110E 1-1 and p110E2) and deletion mutations (p110FXE, p 110D22, p110D8, p110D13, p110DI4 and pll0D15) in Vmwl I0 has also been described (Everett, 1987b (Everett, , 1988a .
Cells and viruses. BHK-21 C13 (BHK) cells, grown in Glasgow modified Eagle's medium (GMEM) with 10~ newborn calf serum (CS), have been in continuous culture in this laboratory for several years. Human foetal lung (HFL) cells were obtained from Flow Laboratories and grown in GMEM with 10~ foetal calf serum (FCS). HeLa cells were obtained from Dr W. Schaffner, University of Zurich, Switzerland, and were grown in Dulbecco's modified Eagle's medium (DMEM) with 2.5 ~ CS and 2.5 ~ FCS. 2.5BHK cells were derived from BHK cells after several passages in DMEM with 2.5 ~ CS and 2.5 ~ FCS. The wild-type virus used in these studies was Glasgow strain 17 syn + (17+). The deletion mutant dl1403, which has a deletion within both copies of IE gene 1, has been described (Stow & Stow, 1986) . All viruses were propagated in BHK cells and titrated as described in the results.
Preparation and analysis of viral DNA. Infectious viral DNA was prepared from cell-released viral stocks by the method of Wilkie (1973) . Viral DNA for Southern blot analysis of genotype was prepared as total cellular DNA from infected cell monolayers (Stow et al., 1983) . Viral DNAs were analysed by restriction enzyme digestion, agarose gel electrophoresis and Southern blotting (Southern, 1975) using nick-translated probes (Rigby et al., 1977) .
Transfection of tissue culture cells and isolation of recombinant viruses.
Infectious DNA from deletion mutant d/1403, mixed with calf thymus carrier DNA and mutant plasmid DNA linearized at the SstI site, was transfected into BHK cells by the method of Sto; ~ & Wilkie (1976) . Recombinant viruses were isolated by harvesting the total virus progeny from the transfection and passaging this stock twice at an initial m.o.i, of 0.001 to 0.1 p.f.u./cell. The passaged stock was then plated out under agar and individual plaques were picked. These were grown in single wells in 24-well Linbro blocks. When extensive c.p.e, had occurred, total cellular DNA was prepared from each well and analysed for the presence of the desired mutation by Southern blotting. Viruses that carried the required mutation in both copies of IE gene 1 were plaque-purified twice more before stocks were grown. All viral preparations were analysed by Southern blotting to confirm the presence of the mutation.
Infection of HeLa cells for the preparation of labelled IE protein extracts. HeLa cells (2 × 108 cells in 50 mm dishes) were preincubated for 30 rain in the presence of cycloheximide (100 ~g/ml) and then infected with the wild-type or mutant viruses at an m.o.i, of 5 p.f.u./cell. After a 1 h adsorption period, the cells were re-fed with growth medium containing cycloheximide and incubated at 37 °C for a further 4 h. The cells were then washed three times with PBS, once with PBS containing 2.5 vtg/ml actinomycin D and then incubated with 75 ~tCi [35S]methionine (Amersham, >800 Ci/mmol) in 1.5 ml PBS plus actinomycin D at 37 °C for 90 rain. The ceils were then washed with PBS, scraped and harvested by centrifugation. This infection and labelling procedure maximizes the production of the IE proteins of HSV-1 .
Nuclear extracts were prepared from the infected cells essentially by the method of Dignam et al. (1983) . The cell pellets were resuspended in 50 Ixl Buffer A and the nuclei released by lysis of the cell membrane with NP40 (0"5~o final concentration). The nuclei were pelleted in the Sorvall SS34 rotor at 4000 r.p.m, for 5 min, the cytoplasmic fraction was removed and the nuclei packed down by centrifugation again in the SS34 rotor at 10000 r.p.m, for 10 rain. Any remaining supernatant was then removed and the nuclei were resuspended in 20 vtl of Buffer C. Incubation on ice for 30 min with frequent mixing was followed by a final centrifugation at 15000 r.p.m. to pellet the nuclear debris. The supernatant was retained to be used as the nuclear extract.
Labelling of viral polypeptides and analysis by SDS-PAGE. Examination of polypeptide synthesis through the growth cycle was performed at 37 °C using a 2 h labelling period. Single wells of 24-well Linbro blocks containing 4 × l0 s cells were infected at various multiplicities (as described in the text) and at various times after, washed with PBS and incubated with 15 ~tCi [35S]methionine (Amersham, >800 Ci/mmol) in 200 ~tl of PBS. After labelling, the cells were washed and harvested as described by Marsden et al. (1978) . Labelled proteins were analysed on discontinuous 7.5~ SDS-polyacrylamide gels which were fixed, dried and autoradiographed as described by Marsden et al. (1978) .
RESULTS

The construction of recombinant viruses with defined deletions in IE gene 1
IE gene 1 of HSV-1, which encodes Vmw 110, lies in the repeated sequences on the boundaries of the long unique region of the genome (Fig. 1) . A large number of in-frame insertion and deletion mutations within the coding region of IE gene 1 have been isolated and used to define regions of the polypeptide sequence that are important for its function in transfection assays. Most of the mutations include an inserted EcoRI site (Everett, 1987b (Everett, , 1988a . Briefly, the two regions most sensitive to mutation lie in the second exon (region 1) and at the carboxy terminus (region 5; see Fig. 2 ). Region 1 includes a cysteine-rich potential 'zinc finger' motif. Mutations in region 5 cause substantial reductions in the ability of Vmw110 to activate gene expression synergistically with Vmw175 in HeLa cells, whereas those in region 1 cause less marked effects. In contrast, mutations in region 1 generally eliminate activation by Vmw110 in the absence of Vmw175 whereas those in region 5 have less effect or no effect in this assay. Other important regions are region 3, in which mutations markedly affect transcriptional activation by Vmw110 in the presence of Vmw175 but have little effect in its absence, and a region which encodes a nuclear localization signal.
Deletion and insertion mutations affecting these regions were transferred from plasmids to the viral genome by marker rescue experiments. Infectious DNA from d/1403 (which lacks both copies of IE gene 1) was cotransfected into BHK cells with the linearized mutant plasmids p110FXE, p110D22, p110E32-1, p110E28-1, p110D8, p110El, p110D13, p110D14, p110E2 or p 110D 15 (Fig. 2) . The locations and phenotypes of the plasmid mutations in transfection assays are shown in Fig. 2 and Table 1 . Deletions FXE and D22 and insertion E32 are in region 1 (FXE specifically removes the potential zinc finger), insertion E28 is in region 3, deletion D8 removes a nuclear localization signal and insertion E2 and deletions D13, D14 and DI5 are in region 5. Insertion E1 was included as a control because it does not affect Vmwll0 function in transfection assays.
The mixed virus stocks from each transfection were passaged twice at low multiplicity and then plated out for single plaques. The rationale behind this strategy was that the parent deletion d/1403 forms plaques poorly in BHK cells compared to wild-type virus. As few of the insertion or deletion mutations completely eliminated Vmwll0 function in transfection assays, it was expected that the recombinant viruses would have a growth advantage over d/1403. This indeed turned out to be the case. After two passages of the virus stocks obtained from the transfection, more than 50 ~o of the plaque-purified viruses carried the E32, E28, D 13, D14 or E2 mutations in one or both copies of the IE-1 gene. Recombinants were obtained at a frequency of about 30~o with the D15 mutation, whereas those with the D8, D22 and FXE mutations were found in (a) Table 1 . The positions and extents of the five mutation-sensitive zones (Everett, 1987b) and the cysteine-rich potential zinc finger and nuclear localization regions (Everett, 1988a) are marked. et al., 1986) .
t The amino acids deleted from the predicted sequence (Perry et al., 1986) or the amino acid affected by the insertion to give the sequence shown by the singleqetter code in parentheses; the insertion in E1 is between two amino acids.
:~ The relative inactivation of the HSV-1 gD promoter by the mutant proteins expressed by transfected plasmids in HeLa cells cotransfected with a plasmid which expresses Vmw175; numerical values are relative to the activation by wild-type Vmw110, 100, representing a 16-to 20-fold increase over the activation induced by Vmw175 alone (which is three-to fivefold in this system). Data taken from Everett (1987b Everett ( , 1988a .
§ Activation of the gD promoter in HeLa cells in the absence of Vmw 175; activation by wild-type Vmw 110 is 100, which represents a three-to fivefold increase over the basal level of pgDCAT in this system. Everett, 1984) . The structures of the genomes of E 1 and D 15 in the IE-1 region were confirmed by other digests (not shown).
On
approx. 10~o, 5 ~ a n d l ~o of the isolates respectively. T h e s e frequencies show some correlation to t h e relative severity of t h e m u t a t i o n (see below). I n contrast, m o r e t h a n 75 % o f the p l a q u e s screened after t r a n s f e c t i o n w i t h p110El-1 c o n t a i n e d the E1 insertion. T h i s correlates w i t h the negligible affect of the E 1 m u t a t i o n on V m w 110 f u n c t i o n in t r a n s f e c t i o n assays a n d d u r i n g virus g r o w t h (see below). Virus isolates which contained the desired mutant allele in both copies of IE gene 1 were plaque-purified twice more and large scale stocks were then prepared. Viral DNA was prepared from BHK cells infected with each of these stocks and analysed by Southern blotting. Calculations using the results in Fig. 3 showed that in all cases the mutation in both copies of the viral IE-1 gene, identified by an extra EcoRI site (Everett, 1988a) , corresponded exactly to that in the relevant plasmid. The details of this experiment are explained in more detail in the legend to Fig. 3 . Therefore each one of this set of mutant viruses includes a mutation whose effects in transfection assays have been well characterized.
In order to show that the phenotype of a representative of this family of mutant viruses was due to the mutation in Vmw110, infectious DNA from virus FXE was prepared and transfected with the wild-type plasmid pl 11. Progeny virus were plated out directly, for single plaques without any intermediate passaging of the stock. Southern blot analysis of the plaque progeny showed that 75% had recombined the wild-type gene into both copies of RL. This result illustrates that although HSV-1 can grow in tissue culture without Vmwll0, the selective advantage of its presence is enormous.
Mutations in Vmw110 reduce the yield of HSV-1 in single-step growth experiments
The phenotype of the mutations in Vmwll0 was first explored in single-step growth experiments. The stocks of wild-type and all the mutant viruses were titrated on BHK cells. Then approx. 5 × 105 BHK cells in 35 mm dishes were infected with approx. 2 × 105 p.f.u, of each virus. After a 1 h adsorption period and two washes with PBS, the cells were re-fed with 2 ml of fresh medium and harvested by scraping into the medium at 3, 6, 12 and 24 h after adsorption. The mixture was then sonicated and the progeny virus titrated on BHK cells. The zero time sample was prepared by addition of the same volume of virus inoculum to 2 ml of medium. It is clear that all the Vmw I 10 mutant viruses (except for E 1) gave relatively poor p.f.u. yields. (Fig. 4) . The growth defect varied between approximately a 100-fold reduction with (28) * The yield of particles from an infection with an isolated plaque in a single Linbro well is given for each virus. t The particle to p.f.u, ratios were calculated from titrations on the indicated cell type. The numbers in parentheses give the ratios of the particle to p.f.u, ratios of each mutant compared to that of 17 + in that cell type Mutants E28 and D15 frequently gave very poor plaques (in HeLa cells) that were difficult to count: these numbers may be misleadingly high.
dl1403 (consistent with previous data; Stow & Stow, 1986; Sacks & Schaffer, 1987 ) to more than 10-fold with E32. Virus FXE, which lacks the potential zinc finger region of Vmw110, gave very poor virus yields which were similar to those of d11403; this explains the relatively low frequency of isolation of recombinants with the FXE mutation. It is clear that whatever the role of the potential zinc finger, its presence is crucial to Vmw 110 function in the infected cell. Virus E 1, which contains an insertion that has little effect on Vmw 110 function in transfection assays, grew almost as efficiently as the wild-type virus. Therefore the results of the transfection experiments delineating the functional regions of Vmwl 10 are reflected, at least to some extent, in the growth properties of viruses carrying mutations in these regions.
The efficiency of plaque formation by viruses with mutations in Vmw110 is markedly dependent
on cell type Stow & Stow (1986) demonstrated that the plaque-forming efficiency of the Vmw110 deletion mutant dl1403 was affected by cell type; it formed plaques at a lower efficiency on HFL cells compared to BHK cells. The reason for this effect was not known. Transfection experiments have shown that transcriptional activation induced by Vmwll0 alone, and its degree of synergistic activation in conjunction with Vmw175, can also alter with cell type (Everett, 1988b) . Therefore it was of interest to investigate whether the effect of different cell types on plaque formation mirrored that on transcriptional activation, and also what effects the insertion and deletion mutations in Vmw110 had on these variables.
To standardize the stocks of viruses used for these experiments, wild-type, d11403 and the 10 insertion and deletion mutant viruses were plated out under agar and single plaques were isolated. These plaques were inoculated into 15 mm wells containing 4 x l0 s BHK ceils. When extensive c.p.e, was evident (after 2 to 3 days), cell-associated virus was released by sonication and pooled with the cell-free virus in the medium. Thus these small scale stocks were prepared using the same batches of cells at the same time. The 12 viruses were titrated on BHK, HeLa and HFL cells and their particle counts determined. All the viruses produced well marked plaques in BHK and HFL cells after 2 days at 37 °C, but 5 days incubation was required before plaque counts in HeLa cells could be scored.
The results in Table 2 show some surprising features. Firstly the particle yields of all the viruses were similar, which suggests that despite the aparently poor growth in single-step growth experiments (Fig. 4 ) the actual yield of virus particles was not affected by mutations in Tables 2 and 3 were obtained using independent sets of virus Vmw I 10. However, the plaque-forming efficiencies on BHK cells varied over an approximately 100-fold range giving particle/p.f.u, ratios for all mutant viruses that were substantially greater than that of wild-type viruses. Although the ratios obtained with the wild-type stocks in these experiments were rather high (which may reflect their method of preparation), the results give a true comparison of the effects of the different mutations since all the titrations were done at the same time. The relative results with wild-type virus and d11403 shown here are entirely consistent with the data of Stow & Stow (1986) . Note that the ratios are particularly high with the deletions in region 1, in FXE and D22, which is consistent with their relative difficulty of isolation (see above). Titration in HFL cells showed some interesting differences. The plaqueforming efficiency of all viruses was reduced compared to that in BHK cells, but mostly only by a small degree of two-to fourfold. However, dl1403 and the mutants with deletion and insertion mutations in region 1 (FXE, D22 and E32) were up to 30-fold less efficient in plaque formation in HFL compared to BHK cells. This further reduction means that in infections performed at approximately one particle/cell in a 35 mm dish, only one plaque would be formed on HFL cells. In contrast, in HeLa cells, wild-type virus plated with similar efficiency to that in BHK cells and the mutant viruses, although to a lower extent than wild-type virus, all plated significantly more efficiently in HeLa cells than in BHK cells. The viruses with particularly poor particle/p.f.u. ratios in BHK cells (dl1403, FXE, D22 and E32) plated 10 to 60 times more efficiently on HeLa cells. This illustrates that the reason for the high particle/p.f.u, ratios in BHK cells can not simply be a high proportion of defective particles because in HeLa cells a higher proportion can produce plaques. The low plaque-forming ability of mutants E28 and D15 in HeLa cells may be an artefact because these viruses yielded very poor plaques that were difficult to count in this cell type.
These results clearly show that cell type has a substantial effect on the plaque-forming efficiency of viruses with mutations in Vmw110, and that this effect varies with the location of the mutation in the Vmwl 10 polypeptide. However, the three different cell types were passaged in different media (see Methods); perhaps the medium has an effect on plaque formation. In an attempt to answer this question, BHK cells were passaged (in parallel with cells passaged in the usual way) over several generations in the medium normally used for HeLa cells. These cells (2-5BHK cells) were used for plaque assays for another set of the mutant virus stocks. The results (Table 3) show that the change in growth conditions had a significant effect on the efficiency of plaque formation. In particular, the viruses with mutations in region 1 were more efficient in * Dilutions of the four viruses were prepared and titrated in parallel in the four cell types. 1" >, Too many plaques to count.
2-5BHK than in the parent BHK cells. This striking result illustrates that the growth state of the cells, as well as cell type, can influence plaquing efficiency depending on the site of the mutation in Vmw110. The characteristics of the 2-5BHK cells included faster growth and growth to much higher cell densities than the parent BHK cells. They also appeared to be perhaps slightly smaller and rounder. Despite these differences in their properties, the patterns of polypeptide synthesis in uninfected BHK and 2.5BFIK cells were indistinguishable (see Fig. 7 and 8 ). The differences in growth rate between BHK and 2-5BHK cells may be significant as the viruses with lesions in Vmw110 formed plaques most efficiently on the fastest growing cells (HeLa and 2.5BHK) and least efficiently on the slowest growing cells (HFL). If this is the case, it is quite possible that other seemingly trivial changes in the growth conditions of different cell types could affect the relative plaque-forming efficiencies of the Vmw110 mutants. Therefore these results (Tables 2  and 3) should be taken as an illustration of the type of variability possible among these viruses rather than universal quantitative comparisons.
To investigate this phenomenon further, HFL ceils were passaged over four generations in DMEM with 2"5~o CS and FCS. These cells were named 2.5HFL cells. The results of a single titration experiment with these cells are given in Table 4 . Clearly, the change in growth conditions improved the plaque-forming efficiency of all the viruses tested, but the relative improvements of the Vmw 110 mutants were greater than that of the wild-type virus. However, the increased efficiencies of plaque formation of the Vmw110 mutants in 2.5HFL cells did not match those in 2.5BHK cells. Table 4 also illustrates the difficulty of titrating mutants in Vmw110 in HFL cells. The lack of linearity of such results has been noted before (Stow & Stow, 1989) .
Rescue of mutant virus FXE
A virus stock was prepared from a single plaque obtained following the rescue of virus FXE with plasmid pl 11 (see above). Southern blot analysis showed that this virus (FXER) contained both copies of the normal IE-1 gene (not shown). The FXER virus was then titrated on BHK, 2.5BHK and HFL cells in parallel with 17+; the rescued virus plated with the same efficiencies as wild-type virus in all cell types (results not shown). The most likely explanation of this result is that the defect in FXE is due to the deletion which removes the potential zinc finger. 
Fig. 5. SDS-polyacrylamide gels of representative nuclear (a, b and c) and cytoplasmic (d) extracts from cells either mock-infected (MI) or infected under immediate early conditions with wild-type (17 +) or Vmwll0 mutant viruses. The most prominent high Mr band is Vmw175. The mobility of Vmw110 varies according to the presence of the deletion or insertion mutation. Vmw63 is the only other viral IE polypeptide that is clearly visible in these extracts. The cytoplasmic extracts in (d) and the nuclear extracts in (a) were made from the same series of infected plates. Vmw110 in (d) is the high Mr band of variable mobility which is most pronounced in D8.
Expression of altered Vmwl lO proteins by mutant HSV-1 viruses
All of the 10 Vmwl 10 mutant viruses constructed in this study produce Vmw110 polypeptides which are closely related to that of the wild-type virus. This result was found by infecting HeLa cells under conditions designed to maximize the synthesis of all of the IE polypeptides . Parallel plates of HeLa cells were infected with the wild-type HSV-1 strain 17 + and all 10 viruses containing mutations in Vmwll0. A mock-infected control was included for comparison. The IE polypeptides were expressed at high levels found by labelling after cycloheximide reversal (see Methods) and then preparation of cytoplasmic and nuclear extracts which were analysed by SDS-PAGE. The results (Fig. 5) show that the mutant forms of Vmw110 are expressed at levels essentially similar to wild-type expression. Any differences between the extracts in the different panels reflect minor experimental variables, such as preparation of the extracts in (a), (b) and (c) on different days, and could not be attributed to the mutation itself. The apparent Mr values of the mutant Vmw110 polypeptides are very close to those expected on the basis of the size of the deletions, although that produced by the FXE mutant migrated faster than expected. This could be a result of structural changes caused by the lack of the cysteine-rich region. The majority of the V m w l l 0 expressed in this type of experiment is found in the nucleus (Fig. 5a, b and ¢) but a proportion is found in the cytoplasmic fraction (Fig. 5d) . The identity of the Vmw110 bands was confirmed by immunoprecipitation with an antiserum against a peptide from the carboxy terminus of the protein (results not shown).
An unexpected finding was that Vmw110 expressed by the mutant D8 was found in the nucleus in proportions similar to those of wild-type (Fig. 5 a, d) . In transfection experiments the polypeptide expressed by pll0D8 was found almost exclusively in the cytoplasm, a result interpreted to indicate the disruption of a nuclear localization signal by the D8 deletion (Everett, 1988 a) . However, in the background of the virus and in cycloheximide reversal experiments the D8 mutation did not appear to affect nuclear transport. Analysis of the restriction map of the IE gene 1 region in virus D8 showed that this striking difference between transfection and infection experiments was not due to incorrect transfer of the D8 deletion (data not shown). It is possible that in cycloheximide reversal experiments Vmw110 with the D8 deletion is able to enter the nucleus in association with other IE (or virion) polypeptides. Although such associated transport with IE gene products could not be demonstrated in transfection experiments (data not shown), this remains an interesting possibility. It is not known whether the D8 mutation affects nuclear transport of Vmw110 during the normal course of infection in the absence of cycloheximide.
Expression of viral polypeptides during high multiplicity infections of different cell types
It has been shown that the Vmw110 deletion mutant dl1403 expresses levels of other viral polypeptides that are essentially identical to those expressed by wild-type virus during infection of BHK cells (Stow & Stow, 1986) . Given the substantial differences between the mutant viruses in single-step growth curves (Fig. 4 ) and in plating efficiency on different cell types (Tables 2 and  3 ) it was of interest to investigate the expression of viral polypeptides during a normal infection of high multiplicity by the mutant virus set, in the different cell types. Initially, BHK cells were infected with strain 17 ÷, dl1403 and the 10 recombinant viruses at an m.o.i, of 5 p.f.u./cell (BHK titres) and proteins were labelled from 0 to 2, 2 to 4, 4 to 6, 6 to 8, 8 to 10 and 10 to 12 h after adsorption. Viral and cellular polypeptides were separated on SDS-polyacrylamide gels. In support of the results of Stow & Stow (1986) , all the viruses expressed similar amounts of viral polypeptides with similar kinetics, although d11403 and FXE were sometimes faster at establishing viral gene expression (results not shown).
However, the titration data show that the Vmw110 mutant virus stocks contain many more potentially viable virus particles than is reflected in the titres on BHK cells (Tables 2 and 3) ; the results may have been due to a high loading of mutant virus particles in the BHK cells. Therefore, BHK, HFL and 2-5BHK cells were infected at multiplicities (5 p.f.u./cell) based on the titres of the stock viruses in 2-5BHK cells. Again, viral polypeptides were labelled over 2 h time periods throughout infection and then analysed by SDS-PAGE. Typical results with a 10 to 12 h labelling period are shown in Fig. 6 . The time course of appearance and the amounts of the viral proteins were essentially similar in all cell types; any differences between the wild-type and mutant viruses (which were in any case not systematic; see Fig. 8 ) are trivial compared to their relative plaque-forming efficiencies. The results from growth in HFL cells are particularly striking since, in the case of mutant viruses d/1403, FXE and D22, between 150-and 600-fold less virus p.f.u. (on the basis of titres from HFL cells) had been added, in comparison to 2.5BHK cells. These results clearly demonstrate that a great deal more virus is able to enter and express viral polypeptides in HFL cells than would be expected on the basis of the plaque assays. It is also evident that, in contrast to the reduction in transcriptional activation by Vmw110 caused by the mutations in transfection experiments, the mutant viruses do not appear to be defective in terms of viral gene expression during a high multiplicity infection.
Expression of viral polypeptides during low multiplicity infections
Although the experiments described above were based on the relatively high titres of mutant viruses in 2.5BHK cells, many more mutant virus particles were used in comparison to the wildtype. Therefore infections were performed in 2.5BHK and HFL cells using 2, 5, 25 and 100 particles/cell of viruses 17 ÷, dl1403, FXE and El. The 100 particle/cell inoculum of these four viruses corresponds to m.o.i.'s of 1.4, 0.2, 0.3 and 2.0 p.f.u./cell in 2.5BHK cells, and 0.36, 0-0006, 0-0006 and 0.24 p.f.u./cell in HFL cells, respectively. The infected cultures were labelled with [35S]methionine at either 6 to 8 h or 10 to 12 h after adsorption. The results from the 10 to 12 h labelling ( Fig. 7) show that even at 5 particles/cell, viruses d11403 and FXE induce gene expression in 2.5BHK cells comparable to that induced by 17 ÷ and E 1. In contrast, in HFL cells, the mutants dl1403 and FXE show little if any viral gene expression after infection with 2, 5 and 25 particles/cell compared to that of 17 + and El. With 100 particles/cell, gene expression by all four viruses in HFL cells was similar. The results from the 6 to 8 h labelling period were essentially similar although the viral polypeptides were less distinct (not shown). In order to investigate this phenomenon in more detail, similar experiments were performed in HFL, BHK and 2-5BHK cells with all the mutant viruses at m.o.i.'s of 500, 100, 30 and 10 particles/cell. It should be noted that the virus stocks used for these experiments were not the same as those detailed in Tables 2 and 3 ; therefore the particle to p.f.u, ratios in the different cell types (although very similar; data not shown) were not identical. Even with 500 particles/cell, the infections in HFL cells (with the exceptions of 17 + and E 1) resulted in a titre of significantly less than 1 p.f.u./cell. The results (Fig. 8) are clearly in agreement with those of Fig. 7 . At 500 and 100 particles/cell all viruses gave similar levels of gene expression in all cell types, although viruses D22, D13 and E2 were somewhat reduced in HFL cells. This may be a reflection of the very high particle counts of these particular stocks (data not shown), which might include an unusually high proportion of inactive particles (as both D13 and E2 seem defective in all cell types at lower multiplicities). With 30 particles/cell gene expression was again comparable to wild-type in BHK and 2-5BHK cells (with the exceptions of D 13 and E2) whereas in HFL cells all the mutant viruses (except El, D14 and D15) show considerably less viral gene expression. This result illustrates the cell type dependence of the defect in the Vmw110 mutant viruses and is broadly consistent with the effects that the different mutations in Vmwl 10 have on the plaqueforming efficiency of the viruses in HFL cells ( Table 2) . The results at 10 particles/cell were similar to those at 30, except that at 10 in this experiment there are slight differences between BHK and 2-5BHK cells, 2.5BHK being more permissive. At 10 particles/cell viral gene expression in HFL cells from Vmw110 mutant viruses with lesions in the N-terminal portion was virtually undetectable. In all instances the positive control recombinant E 1 behaved exactly as wild-type.
These results clearly illustrate that the defect in plaque-forming efficiency of viruses with mutations in Vmw 110 is dependent on m.o.i, and cell type, and is at the level of gene expression. As the mutant viruses induce viral gene expression even at very low multiplicities in 2.5BHK cells, the lack of expression observed in HFL cells must not be due to the trivial reason that particles are inactive or damaged. The two possible explanations of these results must either be that the mutant viruses do not penetrate the HFL cells at low multiplicity or that their genomes, once in the cell nucleus, are not expressed. The latter explanation appears more likely because it is difficult to envisage a multiplicity-and cell type-dependent defect resulting from mutations in an IE polypeptide that is known to affect gene expression in transfection assays. A consequence of this model is that during a plaque assay, when individual particles infect a small proportion of the cells, the inactivity of Vmwll0 leads to a reduction in viral gene expression such that productive infection is unlikely to be initiated. This may explain the low efficiencies of plaque formation by the Vmw 110 mutants (Tables 2 and 3 ) whereas their poor apparent yields in singlestep growth experiments (Fig. 4) can be explained entirely by the poor plating efficiencies of the progeny virus particles. The cell type dependence of these phenotypes may be related to the varying efficiencies of gene activation by Vmw175 in the absence of Vmw110 in different cell types (Everett, 1988b) .
DISCUSSION
The aims of the work described in this paper were to understand the role of Vmwl l0 during virus infection in tissue culture and to compare this with its effects on gene expression in transfection assays. The results show that although fully functional Vmw110 is not absolutely essential, its presence confers a very strong selective advantage. This advantage is most easily explained by a requirement for Vmw 110 at the very earliest stages of low multiplicity infections. In its absence viral gene expression is not sufficient to allow productive infection. During a high multiplicity infection (conditions that also occur in a developing plaque once cell lysis has begun to take place) the requirement for Vmw110 is reduced or absent. At a low multiplicity, it is not clear why the major HSV-1 regulatory polypeptide, Vmw175, is insufficient to activate full gene expression from later classes of viral promoters. This observation could reflect the synergistic activation of gene expression by Vmwll0 and Vmw175 seen in transfection assays. Alternatively, Vmw110 may perhaps stimulate the IE-3 promoter (O'Hare & Hayward, 1985) beyond the levels achieved by the virion activator Vmw65 (Campbell et al., 1984) to produce enough Vmw175 to ensure entry into the lytic cycle. Either mechanism could explain the evolutionary advantage of Vmw110 since natural infections in vivo are often likely to initiate at a low multiplicity. These explanations are not mutually exclusive; they could both operate, perhaps using different parts of the Vmw110 polypeptide, as discussed below.
As many more Vmw 110 mutant virus particles are able to enter a cell (and induce at least some gene expression) than would be expected on the basis of p.f.u.'s, it is interesting to consider the fate of the particles that do not give rise to a plaque. It is possible that after their uncoating, such viral genomes remain dormant in the cell in a state that may resemble latency. Indeed, recent work has shown that the plaque-forming defect of d/1403 can be complemented by later superinfection of dll403-infected HFL cells with human cytomegalovirus (Stow & Stow, 1989) . It is not clear how such 'latency' in tissue culture relates to latency in man. However, it is worth noting that some of the lesions in the Vmwl 10 mutant viruses (particularly D13, D14 and D15) disrupt the latency-associated transcript (Wagner et al., 1988) whereas others (for example FXE and D22) do not. The results presented in this paper are consistent with the hypothesis that, in natural infections, Vmw110 could affect the balance between commitment to latent or lyric infection.
Transfection experiments using insertion and deletion mutant alleles of Vmw110 expressed from plasmids have defined several regions of the Vmw110 polypeptide that are required for its ability to activate gene expression. The relative importance of these regions was dependent on the presence or absence of Vmw175. In particular, a region in the second exon of the gene which includes a potential zinc finger was crucial for Vmw110 function in the absence of Vmw175 whereas a region towards the carboxy terminus was more important in its presence (see Table 1 ). Thus it is possible that Vmwll0 can modulate transcription by two different mechanisms, which are perhaps related. One would involve region 1 in particular (which includes the potential zinc finger), whereas the other mechanism requires Vmw175 and the domain near the carboxy terminus. The results described here lend some support to this model. In BHK cells and particularly in HFL cells, region 1 (and in particular the potential zinc finger deleted by the FXE mutation) is crucial to Vmw110 function, whereas region 5 is not so important. In HeLa and 2-5BHK cells the reductions in plaque-forming efficiency caused by the mutations in region 5 are similar to those caused by mutations in region 1. A possible explanation is that one mechanism of Vmw110 function (which operates in all cell types but is not so crucial for virus growth) requires region 5 whereas a second (which is very important in BHK and HFL cells) requires the zinc finger. This second mechanism may be unimportant, or otherwise provided by host cell functions, in the rapidly growing HeLa and 2.5BHK cells. This paper raises questions about the applicability of the results of transfection experiments to the situation during virus infection. It is clear that results l¥om transfection experiments can not be extrapolated quantitatively because they can be varied extensively by the choice of experimental conditions (Everett, 1988b) . Differences between infection and transfection experiments might be explained by the relative doses of the trans-activator polypeptides and the target promoters. However, it is reassuring that mutations which affect the ability of Vmw110 to activate gene expression in transfection assays also affect the growth of the mutant viruses, and that the growth defect can be explained by inefficient gene expression. Therefore the results of infection and transfection studies are at least broadly complementary.
The effect of cell type variation on growth of the Vmw110 mutant viruses is perhaps one of the most interesting features of these results. It was hoped that the ability of the Vmw110 to activate gene expression in transfection assays and the plaque-forming efficiency of Vmw110 mutant viruses would be inversely correlated in a given cell type. However, transfection experiments in BHK and 2.5BHK cells gave similar results (Everett, 1988b) while the mutant viruses formed plaques more efficiently on 2.5BHK cells (Table 3) . Thus no simple picture emerges; the basis of the cell type effect is not clear. The growth state of the cells may be particularly relevant as the only difference between BHK and 2.5BHK cells was that the latter were propagated in a medium with a lower serum content. This may affect the balance of cellular transcription factors in the cell. It is particularly intriguing that HSV-1 encounters many different cell types in the natural environment. The multiplicity of HSV-1 IE polypeptides that trans-activate gene expression may reflect differential requirements for the viral trans-activators (and the cellular factors with which they possibly interact) in the different cell types. ( Received 8 August 1988) 
